Age-associated mitochondrial dysfunction is a major source of reactive oxygen species (ROS) and oxidative modification to proteins. Mitochondrial electron transport chain (ETC) complexes I and III are the sites of ROS production and we hypothesize that proteins of the ETC complexes are primary targets of ROS-mediated modification which impairs their structure and function. The pectoralis, primarily an aerobic red muscle, and quadriceps, primarily an anaerobic white muscle, have different rates of respiration and oxygen-carrying capacity, and hence, different rates of ROS production. This raises the question of whether these muscles exhibit different levels of oxidative protein modification. Our studies reveal that the pectoralis shows a dramatic age-related decline in almost all complex activities that correlates with increased oxidative modification. Similar complex proteins were modified in the quadriceps, at a significantly lower level with less change in enzyme and ETC coupling function. We postulate that mitochondrial ROS causes damage to specific ETC subunits which increases with age and leads to further mitochondrial dysfunction. We conclude that physiological characteristics of the pectoralis vs quadriceps may play a role in age-associated rate of mitochondrial dysfunction and in the decline in tissue function.
Introduction
Sarcopenia, or muscle weakness, is a major physiological sign of aging in humans [1] [2] [3] [4] . The mitochondrial theory of aging proposes that increasing oxidative stress resulting from progressive mitochondrial dysfunction is a mechanism of mammalian aging and may be an important physiological characteristic of muscle aging [5, 6] . It is well established that although ROS are generated by multiple compartments, e.g., the plasma membrane NADPH oxidases [7] , peroxisomal lipid metabolism, and cytosolic enzymes such as cyclogenases, the majority (∼90%) of ROS is generated by mitochondrial dysfunction [8] . The generation of mitochondrial ROS, in vivo, is linked to the processes of oxidative phosphorylation carried out by the mitochondrial electron transport chain complexes. Thus, leakage of electrons, i.e., mitochondrial ROS, is produced in vivo, from ETC complexes during normal respiration, particularly from Complex I (CI) and Complex III (CIII) [9] [10] [11] . Increased ROS production and oxidative stress during the aging process are, therefore, attributed to mitochondrial dysfunction, and the age-associated decline in tissue function is proposed to be a consequence of dysfunctional mitochondria [12] [13] [14] .
Mitochondrially generated ROS are difficult to measure directly both in vitro and in vivo. Although the production of ROS in CI and CIII has been estimated by electron paramagnetic resonance [15] [16] [17] , the short half-life of these radicals makes their accurate measurement difficult. Since the products of ROS reaction with proteins are stable and easily measured we have proposed that the amount of modified protein may be indicative of the level of oxidative modification in tissues [13] . Furthermore, since oxidatively modified proteins have been shown to impair the functions of these proteins [18] [19] [20] [21] we have initiated these studies to characterize the role of these modifications on the development of mitochondrial dysfunction in aged pectoralis (aerobic) and quadriceps (anaerobic) skeletal muscle.
The covalent oxidative protein modifications caused by reactions with free radicals are more stable and easily detectable, and thus have been used as molecular markers of oxidative stress [17, [22] [23] [24] . The relative abundance of modified proteins has been used in our laboratory to indicate the level of oxidatively modified proteins that accumulate in aged tissues [22] [23] [24] . Protein modifications caused by ROS include the formation of lipid peroxidation adducts (4-hydroxynonenal or HNE and malondialdehyde or MDA) on lysine, histidine, and cysteine, nitration of tyrosine and cysteine, and carbonylation of lysine, arginine, proline, and threonine [18, 19, 25, 26] . Oxidatively modified proteins have been detected by immunoblotting using antibodies specific for these modifications and subsequently identified by mass spectrometry [17, [22] [23] [24] . In addition, such oxidative modifications to proteins can result in reduction of function associated with aging and age-associated diseases [18, 19, [21] [22] [23] [24] [25] [26] [27] . These oxidative modifications are, therefore, molecular markers that provide insight into the cumulative effects of oxidative stress on the molecular mechanisms of aging and development of age-associated diseases.
In this study we analyzed mitochondria isolated from young, middle-aged, and old mouse pectoralis and quadriceps skeletal muscles because of their aerobic vs anaerobic physiological characteristics, to determine whether aging affects the activities of their ETC complexes CI-CV. We chose, specifically, the pectoralis which is an adductor, internal rotator, and flexor of the shoulder; its fibers, which are slow twitch (type I), consist of high myoglobin levels which improves the delivery of oxygen, and high mitochondrial content, are primarily red muscle and highly aerobic. Secondly, we chose the quadriceps which consists of fast-twitch type I fibers whose physiological characteristics include fewer mitochondria and less myoglobin. The large store of glycogen and high levels of glycolytic enzymes enable these fibers to respire anaerobically. We tested, therefore, whether specific ETC CI-CV proteins of the highly aerobic pectoralis and primarily anaerobic quadriceps muscles are differentially susceptible to oxidative modification due to their location within the mitochondria, whether the levels of these modifications increase, and whether their functions are altered with aging. To achieve this we identified the oxidatively modified subunits of ETC CI-CV and correlated the levels of protein modification with changes in enzyme activities. Blue-native polyacrylamide gel electrophoresis (BN-PAGE) was used to resolve intact ETC complexes [28] followed by second-dimension denaturing SDS-PAGE to resolve individual complex subunits. Protein abundance of each complex was measured using antibodies to specific complex subunits to quantify agerelated changes [22, 23] . Using immunobloting with antibodies recognizing specific types of oxidative damage, we detected proteins that were carbonylated, and modified by HNE, MDA, and tyrosine nitration. Proteins shown to be differentially modified were identified by MALDI-TOF-TOF mass spectrometry. These studies identify whether there is a differential susceptibility of highly aerobic skeletal muscle ETC complexes compared to the anaerobic skeletal muscle. Finally, we determined whether there is a direct correlation between increased protein modification on enzyme function associated with the ETC complexes that might suggest a progressive increase in endogenous oxidative stress during aging. Our study systematically identifies the effects of oxidative protein modification on ETC activity, on possible specificity of targeted oxidative modification and whether these modifications play a role in causing symptoms of the aging, of the pectoralis and quadriceps.
Materials and methods

Animals
Young (3-5 months), middle-aged (12-14 months), and old (20-22 months) male C57BL/6 mice, purchased from the National Institute on Aging (Bethesda, MD), were maintained in a pathogen-free facility at 27°C, 45-55% humidity, on a 14/10 light/dark cycle and fed ad libitum on an NIH low-fat diet (Purina) 4% fat by weight.
Mitochondrial isolation
Mice were sacrificed by cervical dislocation and their skeletal muscles were harvested immediately, rinsed in ice-cold PBS, and prepared for subcellular fractionations. Mitochondria were prepared from the pooled muscles of 9 young, 10 middle-aged, and 8 old C57BL/ 6 male mice. Mitochondrial isolation was carried out at 4°C as described with minor modifications [22, 24, 29] .
Enzyme activities
Enzyme activities were measured at room temperature using a Beckman Coulter DU 530 spectrophotometer (Beckman Coulter, CA). Citrate synthase activity was measured as described [22, 30] . Rotenone-sensitive Complex I (CI) activity, malonate-sensitive Complex II (CII) activity, antimycin A-sensitive Complex III (CIII) activity, KCNsensitive Complex IV (CIV) activity, and oligomycin-sensitive Complex V (CV) activities were assayed as described [22, 27, 31] . CI-III and CII-III coupled assays were performed as described [25, [32] [33] [34] .
Coenzyme Q levels
Total mitochondrial coenzyme Q was quantified using an HPLC method described previously [22, 33, 34] .
Polyacrylamide gel electrophoresis
BN-PAGE and SDS-PAGE were carried out by established methods [26] with minor modifications as described previously [17, 22, 28] .
Immunobloting
Immunoblot analysis was performed as described [22, 24] .
MALDI-TOF-TOF: Sample preparation
Individual ROS-modified protein bands were excised from seconddimension SDS-PAGE run simultaneously with the gels that were immunoblotted and analyzed by the Proteomics Core Facility at UTMB. Gel samples were cut into ∼1-mm-size pieces and placed into separate 0.5-ml polypropylene tubes. Ammonium bicarbonate buffer (50mM; 100μl) was added to each tube and the samples were then incubated at 37°C for 30min. After incubation, the buffer was removed, 100μl of water was added to each tube, and the samples were incubated again at 37°C for 30min. After incubation, the water was removed and 100μl of acetonitrile was added to each tube to dehydrate the gel pieces. The samples were vortexed, and after 5min the acetonitrile was removed. Acetonitrile (100μl) was again added to each of the sample tubes and vortexed, and acetonitrile removed after 5min. The samples were then placed in a speedvac for 45min to remove excess solvent.
Lyophilized trypsin (20μg; Promega Corp.) was added to 2ml of 25mM ammonium bicarbonate, pH 8.0. The trypsin solution was then vortexed and added to each sample tube in an amount (∼10μl) to just cover the dried gel. The samples were then incubated at 37°C for 6h.
After digestion, 1μl of the sample solution was spotted directly onto a MALDI target plate and allowed to dry. Alpha-cyano-4-hydroxycinnamic acid (1μl; Aldrich Chemical Co.) matrix solution (50/50 acetonitrile/water at 5mg/ml) was then applied on the sample spot and allowed to dry. The dried MALDI spot was blown with compressed air (Decon Laboratories, Inc.) before inserting into the mass spectrometer.
Mass spectrometry
Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI TOF-MS) was used for protein identification. Data were acquired with an Applied Biosystems 4800 MALDI TOF/TOF Proteomics analyzer. Applied Biosystems software package included 4000 Series Explorer (v. 3.6 RC1) with Oracle Database Schema Version (v. 3.19.0), Data Version (3.80.0) to acquire both MS and MS/ MS spectral data. The instrument was operated in positive-ion reflectron mode, mass range was 850-3000Da, and the focus mass was set at 1700Da. For MS data, 1000-2000 laser shots were acquired and averaged from each sample spot. Automatic external calibration was performed using a peptide mixture with reference masses 904.468, 1296.685, 1570.677, and 2465.199.
Following MALDI MS analysis, MALDI MS/MS was performed on several (5-10) abundant ions from each sample spot. A 1-kV positive-ion MS/MS method was used to acquire data under postsource decay (PSD) conditions. The instrument precursor selection window was +/-3Da. For MS/MS data, 2000 laser shots were acquired and averaged from each sample spot. Automatic external calibration was performed using reference fragment masses 175.120, 480.257, 684.347, 1056.475, and 1441.635 (from precursor mass 1570.700).
Applied Biosystems GPS Explorer (v. 3.6) software was used in conjunction with MASCOT to search the respective protein database using both MS and MS/MS spectral data for protein identification. Protein match probabilities were determined using expectation values and/or MASCOT protein scores. MS peak filtering included the following parameters: mass range 800 to 4000Da, minimum S/N filter = 10, mass exclusion list tolerance = 0.5Da, and mass exclusion list (for some trypsin and keratin-containing compounds) included masses 842. 51 For protein identification, the Mus musculus taxonomy was searched in either the NCBI and/or SwissProtein database. Other parameters included the following: selecting the enzyme as trypsin; maximum missed cleavages = 1; fixed modifications included carbamidomethyl (C) for 2-D gel analyses only; variable modifications included oxidation (M); precursor tolerance was set at 0.2Da; MS/MS fragment tolerance was set at 0.3Da; mass = monoisotopic; and peptide charges were only considered as +1. The significance of a protein match, based on both the peptide mass fingerprint (PMF) in the first MS and the MS/MS data from several precursor ions, is based on expectation values; each protein match is accompanied by an expectation value. The expectation value is the number of matches with equal or better scores that are expected to occur by chance alone. The default significance threshold is P b 0.05, so an expectation value of 0.05 is considered to be on this threshold. We used a more stringent threshold of 10 -3 for protein identification; the lower the expectation value, the more significant the score.
Results
Inhibitor-sensitive enzyme activities from pectoralis and quadriceps
To evaluate the effects of aging on mitochondrial ETC complexes derived from the physiologically unique pectoralis (red-aerobic) and quadriceps (white-anaerobic) we compared the enzyme activities of all five complexes as well as the coupled activities of CI-III and CII-III for all three ages ( Figs. 1 and 2 ).
Pectoralis enzyme activities
The data, in all cases, indicate that the enzyme activity in pectoralis decreased from young to middle age and in some cases (CI, CIII) further decline was noted from middle-age to aged mice. Rotenonesensitive CI activity decreased by 20% from young to middle age and only slightly decreased from middle aged to old (Fig. 1A) . Malonatesensitive CII activity also declined by ∼22% in middle age but no further decline was noted in old age (Fig. 1B) . Antimycin A-sensitive CIII activity showed a continuous decline, i.e., ∼34% decline in middle age and ∼47% decline by old age (Fig. 1C) . KCN-sensitive CIV activity decreased by ∼34% by middle age and no further decline was noted in old animals (Fig. 1D) . Oligomycin-sensitive CV activity again showed a pattern similar to CII and CIV, i.e., ∼35% decrease in middle age and no further decline in old age (Fig. 1E ).
Quadriceps enzyme activities
Very few changes were seen in quadriceps enzyme activity with aging. Compared to pectoralis, CI activity in quadriceps was ∼22% lower at young age and though there was a slight decline of this activity with age it was not significant (Fig. 1A) . In contrast, there was only ∼5% decline in CII activity of quadriceps from young to middle age and very little further decrease by old age (Fig. 1B) . However, CII enzyme activity was significantly higher (∼20-35%) at all ages in quadriceps compared to pectoralis. Furthermore, there is no change in CIII and CIV activity and CIV activity only decreased slightly (∼6%) with aging. However, a comparison of CIII activity of pectoralis vs quadriceps reveals that the pectoralis showed a significantly higher activity at young age (∼28%) but by middle age this difference disappeared, and by old age its activity is lower. Although no change was noted in CV activity in middle age compared to young age, there was ∼14% decline in this enzyme's activity by old age (Fig. 1E) . Thus, the pectoralis showed more overall dramatic changes (declines) with age compared to quadriceps.
Pectoralis and quadriceps coupled activities
Similar to CI enzyme activity, there was a 20% decrease in CI-III coupled activity in pectoralis from young to middle-age and there was no further decline from middle-aged to old mice ( Fig. 2A) . The coupled CII-III activity of pectoralis also showed an age-associated decline, i.e., 18% decline in middle age and no further decline in old age (Fig. 2B) . On the other hand, CI-CIII coupled activity decreased continuously by ∼9% in the quadriceps ( Fig. 2A) while the CII-CIII coupled activity showed a slight increase (Fig. 2B) . Interestingly, the overall coupled CI-CIII and CII-CIII activities of the quadriceps are significantly higher than those of the pectoralis, suggesting a tighter coupling in the quadriceps at all ages (Fig. 2B ). In addition, in the pectoralis all enzyme activities show an age-associated decline from young to middle age and CI and CIII activity declines further in old age while CII, CIV, and CV show very little further decline by old age. This differs significantly from the quadriceps which shows a minimal level of change in almost all enzyme activities with the exception of CV activity which decreases slightly at old age. Furthermore, CI, CIII, and CIV activities of the pectoralis at young age are at least 30% higher compared to quadriceps and level out by middle age as opposed to CII activity being higher in all ages in quadriceps compared to pectoralis.
Coenzyme Q levels in pectoralis and quadriceps mitochondria
Coenzyme Q (CoQ) levels play a basic role in enzyme function and coupling, and CoQ 9 is the predominant form in mouse tissues (Table 1) [33, 34] . Since enzyme function and coupling activities differ significantly between pectoralis and quadriceps we measured their CoQ 9 levels in young, middle-aged, and aged mice, and used these values as a predictor of total CoQ for muscle mitochondria. Our results show that the pectoralis has 3 times more CoQ 9 per milligram of mitochondria compared to quadriceps and that aging does not affect the levels of CoQ 9 from either muscle (Table 1) . Thus, the loss of enzyme activities of CI, CII, CIII, and CI-CIII plus CII-CIII coupled activities in pectoralis is not due to decreased substrate availability. Furthermore, the enhanced coupling seen in quadriceps cannot be attributed to changes in substrate availability, since quadriceps has 3-fold lower levels of CoQ 9 . These data suggest that the tighter coupling in quadriceps may facilitate its almost constant level of enzyme activities compared to the primarily aerobic pectoralis muscle.
Abundance of ETC complexes in young, middle-aged, and old mitochondria
To determine if the changes in enzyme functions are due to changes in enzyme levels, skeletal muscle mitochondria were isolated, solubilized, and subjected to BN-PAGE to resolve intact complexes I-V. We measured the levels of ETC complexes in young, middle-aged, and aged muscle, using immunoblotting with complex-specific antibodies. In previous studies we established the use of immunobloting of BN-PAGE resolved complexes with complexspecific antibody to determine the abundance of CI-CV and whether there are age-related quantitative differences in individual complexes [22, 32] . Thus, using immunoblotting of BN-PAGE-resolved complexes (CI-CV) we analyzed duplicate gels to measure complex abundance [14] . Our results show very little age-related changes in complex levels in both skeletal muscle mitochondria (Fig. 3 ). CI and CIII levels from pectoralis show a 15-25% increase in middle age (Figs. 3A and 3C) which is not consistent with the dramatic decrease in enzyme activities of both individual complexes and their coupled , and old (20-22 months) mouse skeletal muscle mitochondria. Individual complex enzyme activities were measured spectrophotometrically as described under Materials and methods. All activity results are averages of 4 assays from the pooled sample ± SE for each age group. Citrate synthase assay results were used to normalize mitochondrial proteins. Activities for young (3-5 months), middle-aged (12-14 months), and old (20-22 months) pectoralis and quadriceps ETC CI-CV are plotted as follows: (A) CI activity with aging. Coefficients of variance for pectoralis and quadriceps were 4.2 and 3.8% (young), 6.8 and 6.2% (middle age), and 3.8 and 2.9% (old), respectively. (B) CII activity with aging. Coefficients of variance for pectoralis and quadriceps were 1.3 and 1.1% (young), 5.3 and 0.6% (middle age), and 1 and 2.9% (old), respectively. (C) CIII activity with aging. Coefficients of variance for pectoralis and quadriceps were 3.2 and 3.1% (young), 2.2 and 3.7% (middle age), and 4 and 3.9% (old), respectively. (D) CIV activity with aging. Coefficients of variance for pectoralis and quadriceps were 0.8 and 1.5% (young), 1.9 and 1.2% (middle age), and 3.6 and 0.8% (old), respectively. (E) CV activity with aging. Coefficients of variance for pectoralis and quadriceps were 5.2 and 4% (young), 5.5 and 1.8% (middle age), and 2.9 and 3.1% (old), respectively. ⁎ P b 0.05 compared to young, ⁎⁎ P b 0.001 compared to young, † P b 0.05 compared to middle aged, † † P b 0.001 compared to middle aged, ‡ P b 0.05 compared to pectoralis, and ‡ ‡ P b 0.001 compared to pectoralis.
activity. Though there is a decrease in immunoreactive signal in CI of quadriceps by old age, the background-corrected values do not show any differences when compared to young age. Immunoblotting for CI alone (data not shown) similarly demonstrated that there is very little change. However, we note here that since all ETC complexes are multiprotein complexes, our procedure is not sensitive enough to detect subtle changes in other components of these complexes.
Oxidative modification of ETC complex subunits with aging
To identify oxidatively modified ETC complex proteins from pectoralis and quadriceps we detected individual carbonylated (Figs. 4A and 5A, respectively), HNE-modified (Figs. 6A and 7A, respectively), nitrotyrosine-modified (Figs. 8A and 9A, respectively), and MDA-modified proteins (Figs. 10A and 11A, respectively) by immunoblotting of second-dimension gels. The corresponding change in percentage density for protein modification is expressed relative to young protein density and is shown in Figs. 4B, 4C , 5B, 6B, 7B, 8B, 9B, 10B, and 11B. Duplicate second-dimension gels were run simultaneously for each immunoblot and used for identification of modified proteins by MALDI-TOF-TOF from pectoralis (Table 2) and from quadriceps (Table 3) . All experiments, which were performed twice, showed almost identical results. This along with results from Fig. 3 confirmed that immunoblots used to detect oxidative modifications were valid.
Oxidatively modified proteins of Complex I
Carbonylated CI proteins from pectoralis are shown in Fig. 4A . One of the proteins, the Fe-S subunit 1 (NDUFS1, band 1), showed an increase in carbonylation at 12-14 months and a subsequent decrease in old age to below young levels (No. 1, Fig. 4B ). NDUFS1, also HNE modified, increased 4-fold by middle age and declined back to young levels by old age (band 1, Fig. 6A , and No. 1, Fig. 6B ), and modification of MDA which increased by 3-fold in middle age and declined to young levels by old age. Thus, this subunit of the iron-sulfur protein (IP) region is differentially modified with age. Interestingly, the carbonylated (band 2, Fig. 4A Carbonylated CI proteins from quadriceps are shown in Fig. 5A . The modified Fe-S subunit 1 (NDUFS1, band 1) was detected in all age groups, although the level of modification decreased continuously with aging (No. 1, Fig. 5B ). Furthermore, HNE-modified NDUFS1 was also detected (band 1, Fig. 7A ) and showed a 50% increase by middle age and no further increase in old age (No. 1, Fig. 7B ). The HNE modified Fe-S subunit 2 (NDUFS2) (band 2, Fig. 7A ) was also detected and shown to increase by 25% at both the middle and old age. Nitrotyrosine or MDA modifications were not detected in CI from quadriceps. Finally, similar to pectoralis, the carbonylated α chain of CV also comigrated with CI (band 2, Fig. 4A ) and its carbonylated levels increased at middle age compared to young and declined below young levels by old age (No. 2, Fig. 4B ).
Oxidatively modified proteins of Complex II Subunit 1 (SDHA, band 3, Fig. 4A ) is the only protein of CII in pectoralis that was carbonylated. This modification, which was seen in all ages, increased ∼40% at middle age and ∼2.5-fold at old age compared to young mice. SDHA catalyzes the conversion of succinate to fumarate coupled with the generation of FADH 2 and thus is the catalytic subunit of CII. No lipid peroxidation adducts (HNE and MDA) or nitration were found in CII. Interestingly, two other carbonylated proteins of the citric acid cycle, citrate synthase (CS) and malate dehydrogenase 2 (MDH2), were found to comigrate with CII. Carbonylation of these proteins showed a differential profile such that CS modification increased by ∼45% in old age compared to young mice while MDH2 showed an age-related decrease in modification. Both of these enzymes are located in the mitochondrial matrix and associated with the inner mitochondrial membrane. , and old (20-22 months) mouse skeletal muscle mitochondria. CI-III and CII-III coupled enzyme activities were measured spectrophotometrically as described under Materials and methods. All activity results are averages of 4 assays from the pooled sample ± SE for each age group. Citrate synthase assay results were used to normalize mitochondrial proteins. Activities for young (3-5 months), middle-aged (12-14 months), and old (20-22 months) pectoralis and quadriceps ETC CI-III and CII-III are plotted as follows: (A) CI-CIII coupled activity with aging. Coefficients of variance for pectoralis and quadriceps were 0.5 and 1% (young), 2.7 and 2.8% (middle age), and 1 and 0.5% (old), respectively. (B) CII-CIII coupled activity with aging. Coefficients of variance for pectoralis and quadriceps were 4.7 and 0.9% (young), 1.9 and 1.3% (middle age), and 2.8 and 1.7% (old), respectively. ⁎P b 0.05 compared to young, ⁎⁎P b 0.001 compared to young, † P b 0.05 compared to middle aged, ‡ P b 0.05 compared to pectoralis, and ‡ ‡ P b 0.001 compared to pectoralis. In quadriceps, carbonylated SDHA (band 3, Fig. 5A ) dramatically increased by 2.5-fold and almost 5-fold higher in middle age and old age compared to young, respectively (No. 3, Fig. 5B ). No additional modifications, such as lipid peroxidation adducts (HNE and MDA) or nitration, were seen in CII proteins from quadriceps. Interestingly, the nitrotyrosine modified α subunit of CV comigrated with CII (band 1, Fig. 9A ), and showed a dramatic increase in modification to over 6-fold in middle age and ∼5-fold in old age compared to young mice (No. 1, Fig. 9B ).
Oxidatively modified proteins of Complex III
The oxidatively modified CIII proteins include Core 1 (UQCRC1, band 2, Fig. 8A ) and Core 2 (UQCRC2, band 6, Fig. 4A and band 3, Fig.  6A ). While Core 1 is nitrated, Core 2 is carbonylated and HNE modified. Both proteins show a 2-fold increase in middle age and a decrease to basal levels by old age (No. 2, Fig. 8B , and No. 6, Fig. 4B , as well as No. 3, Fig. 6B , for Core 1 and Core 2, respectively). Both Core 1 and Core 2 proteins are anchored to the inner mitochondrial membrane with most of the protein exposed to the matrix. Since CIII is one of the ROSgenerating sites the topographical arrangement of these CIII proteins and the proximity to electron transfer sites may explain the differential modifications for these proteins. No MDA adducts were found in the pectoralis CIII.
Oxidatively modified CIII proteins of the quadriceps include the Rieske Fe-S subunit (ISP) and Core 1 subunit. The ISP was carbonylated (UQCRFS1, band 4, Fig. 5A ) and the Core 1 protein was nitrated (UQCRC1, band 2, Fig. 9A ). Both proteins showed very different modification profiles such that the ISP modification decreased by 50% in middle age and no change in old age compared to young whereas Core 1 showed a dramatic ∼5-fold increase in nitration in middle age and ∼6-fold by old age compared to young mice. No lipid peroxidation adducts (HNE and MDA) were seen in CIII from quadriceps.
Oxidatively modified proteins of Complex IV
Subunit 2 (COX2) was the only pectoralis CIV protein found to be modified by both HNE (band 4, Fig. 6A) and nitrotyrosine (band 3, Fig.  8A ). Each modification showed a similar pattern such that the modification increased ∼50% in middle age and decreased just below basal levels by old age (No. 4, Fig. 6B , and No. 3, Fig. 8B, respectively) . No carbonylation or MDA modifications were found in CIV from pectoralis. Interestingly, several other oxidatively modified proteins were also found to comigrate with CIV. These include acyl-CoA dehydrogenase very long chain 1 (ACADV1, band 7, Fig. 4A ), α chain of CV (ATP5A1, band 8, Fig. 4A ), fumarate hydratase 1 (FH1, band 9, Fig. 4A ), and acetyl-CoA dehydrogenase 1 (ACAD1, band 10, Fig. 4A ). All of the proteins showed an age-related decrease in carbonylation levels (No. 7, No. 9, and No. 10, Fig. 4B) , with the exception of the α chain which increased in modification by ∼2.5-fold in middle age and decreased to just above basal levels by old age (No. 8, Fig. 4B ).
Subunit 1 (COX1) was the only CIV protein in quadriceps to be modified by carbonylation (band 5, Fig. 5A), HNE (band 3, Fig. 7A ), and Fig. 11A ). While carbonylation levels were lower in middle age and slightly higher in old age (No. 5, Fig. 5B ) both lipid peroxidation adducts showed a modest increase only in middle age compared to young mice (No. 3, Fig. 7B, and Fig. 11B ). No nitration was found in CIV, although similar to pectoralis, additional proteins were found to comigrate with CIV that were carbonylated. These proteins, which include acetyl-CoA dehydrogenase long chain (ACADL, band 6, 
Oxidatively modified proteins of Complex V
The α and β chains of CV are differentially modified in aged pectoralis. The α chain was carbonylated (ATP5A1, band 11, Fig. 4A ), HNE (band 5, Fig. 6A), and nitrotyrosine modified (band 4, Fig. 8A ) while the β chain was only nitrated (band 5, Fig. 8A ). All modifications of the α chain show different patterns such that there is no change in carbonylation in middle age and lower levels are seen in old age (No. 11, Fig. 4B ) whereas HNE modification increased to ∼2.5-fold in middle age and reverts to basal levels by old age (No. 5, Fig. 6B ), and nitrotyrosine modification continues to rise with aging and is ∼3-fold higher (No. 4, Fig. 8B ) compared to young age. These differentially modified forms of the α chain also comigrate with other ETC complexes as described above. The β chain, on the other hand, shows a 2-fold increase in nitration and no further modification by old age compared to young mice (No. 5, Fig. 8B ). No MDA adducts were found in quadriceps muscle ETC complexes.
Both the α and β chains of quadriceps CV were also found to be differentially modified with aging. The α chain carbonylation (band 8, Fig. 4 . Identification of carbonylated proteins of young (3-5 months), middle-aged (12-14 months), and old (20-22 months) pectoralis mitochondrial ETC complex subunits. Pectoralis mitochondrial ETC complexes were resolved into individual subunits and DNP-derivatized after transfer to PVDF membrane as described under Materials and methods followed by immunoblotting. (A) Immunoblot of young, middle-aged, and old pectoralis mitochondrial ETC complex subunits using anti-DNP antibody. Modified proteins were numbered according to their complex localization followed by the highest to the lowest molecular weight of the proteins. Protein loading was normalized using complex-specific antibodies as described under Materials and methods. Normalized density values of each individual carbonylated protein are plotted as a percentage of the young pectoralis protein density for all five ETC complex subunits. (B) Densitometry for modified proteins found in CI (1 and 2), CII (3) (4) (5) , and CIII (6). (C) Densitometry for modified proteins found in CIV (7-10) and CV (11) . Identification of each numbered band is summarized in Table 2 . Fig. 5 . Identification of carbonylated proteins of young (3-5 months), middle-aged (12-14 months), and old (20-22 months) old quadriceps mitochondrial ETC complex subunits. Quadriceps mitochondrial ETC complexes were resolved into individual subunits and DNP-derivatized after transfer to PVDF membrane as described under Materials and methods followed by immunoblotting. (A) Immunoblot of young, middleaged, and old quadriceps mitochondrial ETC complex subunits using anti-DNP antibody. Modified proteins were numbered according to their complex localization followed by the highest to the lowest molecular weight of the proteins. Protein loading was normalized using complex-specific antibodies as described under Materials and methods. Normalized density values of each individual carbonylated protein are plotted as a percentage of the young quadriceps protein density for all five ETC complex subunits. (B) Densitometry for modified proteins found in CI (1 and 2), CII (3), CIII (4), CIV (5-7), and CV (8) . Identification of each numbered band is summarized in Table 3 . Fig. 5B ). In addition, the β chain is heavily nitrated, (band 3, Fig. 9A ) showing a ∼11-fold increase in middle age and ∼8-fold increase by old age (No. 3, Fig. 9B ) compared to young mice. No lipid peroxidation adducts (HNE and MDA) were found in CV from quadriceps.
Discussion
Our studies show that the levels of oxidatively modified mitochondrial ETC proteins in the mouse pectoralis, whose physiological characteristics include high levels of myoglobin and mitochondria, hence the high oxygen-carrying capacity and aerobic respiration, are significantly lower than those of the quadriceps, a relatively anaerobic muscle, which contains considerably less amounts of myoglobin and mitochondria. We propose that the differences in the levels of their oxidatively modified proteins, both qualitative and quantitative, suggest a pattern of modification that may be due to the organellar microenvironment in these muscles as well as the availability of modifiable amino acids which is dependent on protein structure. Our correlation of the changes in age-related enzyme activities of the modified subunit proteins with their proximity to sites of free radical production provides some indication of the basis of age-associated mitochondrial dysfunction. In the case of carbonylation, the pectoralis and quadriceps show similar levels of this modification, although carbonylation is the only major age-associated increase in oxidative modification in the pectoralis. This suggests a specific physiological environment that favors the other modifications, i.e., HNE and tyrosine nitration in the quadriceps. Furthermore, carbonylation correlates with decreased complex activity in both muscles, although the pectoralis appears to be more severely affected. Surprisingly, however, the endogenous coupled activity of CI→CIII and CII→CIII showed a minimal decrease with age which does not correlate with the decreased complex activities. It has been reported that not all modifications have detrimental or measurable effects on function [35] and that in some cases, the consequences of ETC protein modifications are enhanced under conditions of oxidative stress which may explain the minimal effects of modification we observed in the resting unchallenged muscle [36] . Interestingly, the endogenous coupled activity of the pectoralis is considerably lower than the quadriceps even though the former contains higher numbers of mitochondria and has the capacity for higher oxygen uptake. Thus, it is possible that with the larger mitochondrial population the individual mitochondria experience a lower metabolic demand.
Although the quadriceps is an anaerobic muscle, the significantly higher levels of HNE and nitrotyrosine modifications suggest that the physiological environment of the quadriceps, at each age, favors these modifications and serve as an indication of the physiological differences between these two muscles For example, the higher level of HNE modification suggests differences in lipid peroxidation while the higher level of nitrotyrosine modification suggests differences in Fig. 7 . Identification of HNE-modified proteins of young (3-5 months), middle-aged (12-14 months), and old (20-22 months) old quadriceps mitochondrial ETC complex subunits. Quadriceps mitochondrial ETC complexes were resolved into individual subunits as described under Materials and methods followed by immunoblotting. (A) Immunoblot of young, middle-aged, and old quadriceps mitochondrial ETC complex subunits using anti-HNE antibody. Modified proteins were numbered according to their complex localization followed by the highest to the lowest molecular weight of the proteins. Protein loading was normalized using complex-specific antibodies as described under Materials and methods. Normalized density values of each individual protein modified by HNE are plotted as a percentage of the young quadriceps protein density for each specific complex subunit. (B) Densitometry for modified proteins found in CI (1 and 2) and CIV (3). Identification of each numbered band is summarized in Table 3 . Immunoblot of young, middle-aged, and old pectoralis mitochondrial ETC complex subunits using anti-HNE antibody. Modified proteins were numbered according to their complex localization followed by the highest to the lowest molecular weight of the proteins. Protein loading was normalized using complex-specific antibodies as described under Materials and methods. Normalized density values of each individual protein modified by HNE are plotted as a percentage of the young pectoralis protein density for each specific complex subunit. (B) Densitometry for modified proteins found in CI (1 and 2), CIII (3), CIV (4), and CV (5). Identification of each numbered band is summarized in Table 2. peroxynitrite/NO metabolism. Our studies suggest that both lipid peroxidation and NO metabolism (peroxynitrite production) are favored in the hypoxic environment of the resting quadriceps.
Our overall data indicate that many of the same proteins are modified in both muscles, although the level of modification differs significantly. The oxidative modifications of essentially the same ETC proteins, with age, indicate that these modifications are protein specific and, although we predict that most modifications may affect protein structure, we do not know whether only certain sites of modification will affect the function of the complex. We conclude that the physiological characteristics of the pectoralis and quadriceps may play a role in the level and specificity of oxidative activity and modification of the ETC proteins. Our similar observations with kidney and heart mitochondria are consistent with this hypothesis [22, 23] .
The decrease in complex enzyme activity in the pectoralis correlates with the level of oxidative damage with age [37, 38] . However, modification of the same proteins in quadriceps, but at higher levels, did not affect their enzyme function to the extent seen in the pectoralis. These data suggest different levels of sensitivity to these modifications and that different tissues may age at different rates depending upon the physiological characteristics. Thus, we propose that the physiological status of the muscles, aerobic vs anaerobic, may determine the level and rate of modification, when the modified proteins begin to accumulate and whether the modification is damaging or of physiological significance.
Our inhibitor-sensitive enzyme activities show that a dramatic decline in CI-CV enzyme activities in the pectoralis, and that this occurs at middle age. The fact that the pectoralis, whose functions are more severely affected by the oxidative modification, exhibits characteristics of aging at a much earlier age than the quadriceps suggests that the aerobic activity of this posturing muscle may play a role in the early development of aging characteristics and that the minimal change in the ETC enzyme functions in the quadriceps may also be due to the physiological status of this muscle.
Interestingly, NDUFS1, a component of the iron protein (IP) region of CI, located in the mitochondrial matrix, was found to contain multiple modifications. Its carbonylation and HNE and MDA modification in middle age compared to young tissue correlate with the dramatic decline in CI function as well as CI-CIII coupled activity. However, the loss of oxidatively modified species from middle to old age did not affect or improve these functions. Thus, if further oxidation of the carbonyls and lipid peroxidation adducts occurs, this might generate immuno-unrecognizable carboxylate adducts and hence the decline in the immuno-signal as seen in old age.
An interesting difference between the pectoralis and the quadriceps is that the CI enzyme activity of the former is higher whereas the CI-CIII coupled activity is significantly lower. These characteristics suggest a tighter coupled activity in the quadriceps. The loss of CI activity as well as coupled enzyme activity of CI-CIII in pectoralis Fig. 9 . Identification of nitrotyrosine-modified proteins of young (3-5 months), middleaged (12-14 months), and old (20-22 months) quadriceps mitochondrial ETC complex subunits. Quadriceps mitochondrial ETC complexes were resolved into individual subunits as described under Materials and methods followed by immunoblotting. (A) Immunoblot of young, middle-aged, and old quadriceps mitochondrial ETC complex subunits using anti-nitrotyrosine antibody. Modified proteins were numbered according to their complex localization followed by the highest to the lowest molecular weight of the proteins. Protein loading was normalized using complex-specific antibodies as described under Materials and methods. Normalized density values of each individual protein modified by nitrotyrosine are plotted as a percentage of the young quadriceps protein density for each specific complex subunit. (B) Densitometry for modified proteins found in CII (1), CIII (2), and CV (3). Identification of both bands is summarized in Table 3 . Immunoblot of young, middle-aged, and old pectoralis mitochondrial ETC complex subunits using anti-nitrotyrosine antibody. Modified proteins were numbered according to their complex localization followed by the highest to the lowest molecular weight of the proteins. Protein loading was normalized using complex-specific antibodies as described under Materials and methods. Normalized density values of each individual protein modified by nitrotyrosine are plotted as a percentage of the young pectoralis protein density for each specific complex subunit. (B) Densitometry for modified proteins found in CI (1), CIII (2), CIV(3), and CV (4 and 5). Identification of both bands is summarized in Table 2. which occurs between young and middle age is not, however, due to CoQ levels since the availability of CoQ is 3 times higher in the quadriceps, and does not change with age. Thus, a higher coupled activity of the quadriceps would minimize ROS generation due to the loss of electrons from these complexes. Since the ubisemiquinone intermediate formed during the electron transfer process in CI has the propensity to produce superoxide anion [10, 15, 16, 39] , the tighter coupling and lower levels of CoQ 9 may decrease ROS production in the quadriceps.
The significantly higher level of HNE modification of NDUFS1 (CI) in the quadriceps compared to the pectoralis indicates that there is a muscle-type, specific differential modification and suggests a higher level of lipid peroxidation in the quadriceps. Furthermore, the significantly lower level of modification of NDUFS2, also a Fe-sulfur component of CI, is further indication of the differential susceptibility of these proteins to oxidative modification, although they are components of the same complex. These observations raise the question of whether the relative position of these Fe-sulfur proteins within the complex plays a role in the level of modification, i.e., exposure to ROS, and whether the amino acid residue and/or level of modification may be a factor in the decline of CI function in quadriceps. In addition, specificity and level of residue modification may explain the minimal effect of the HNE modification on enzyme function of CI in the pectoralis. Perhaps identification of the modified sites may clarify the mechanism of decline in quadriceps enzyme function [40] [41] [42] [43] [44] [45] . We propose that the decline of complex function in the mitochondria of the aging quadriceps may be the consequence of a primarily anaerobic skeletal muscle physiology whose increase in oxidative modification may be due to lipid peroxidation. Similarly the negligible level of loss of CI function in mitochondria of aging pectoralis may relate to the aerobic physiological nature of this muscle.
The CII and CII-CIII coupled activities in pectoralis decline dramatically at middle age after which no further decline occurs. Although we do not understand the basis for this mid-aged decline it supports our proposal that the loss of these functions may be the consequences of altered structure of the modified CII subunits. Furthermore, since the loss of CII function is independent of CoQ levels and since there are no significant changes in complex levels suggest that the defect is possibly due to the structural change(s) incurred by subunit modification. This is consistent with the modification to CII protein (SDHA) that may cause increased release of ROS. In fact, the data show that carbonylation of SDHA increases significantly with age. In contrast, the quadriceps CII and CII-CIII coupled activities show very little change with age. The significant differences in CII and CII-CIII activities between these two muscles is clearly a distinguishing characteristic especially since the carbonylation of SDHA in the pectoralis and quadriceps increases progressively with age. Again, we propose that the tighter coupling may mediate efficient electron transfer that would be consistent with lower ROS production.
The levels of carbonylation of SDHA differ significantly in both tissues and the modification increases with aging, more so in quadriceps. However, only the pectoralis shows decreased enzyme Table 2 . Table 3. activities that correlate with carbonylation, which peaks at middle age, i.e., further modification from middle age to old age does not affect either enzyme function or coupled activity. We reported a similar age-associated pattern of activity vs modification in mouse kidney [23] . This supports the concept that certain proteins are more susceptible to oxidative modification that may affect their structure and function. Our studies suggest, therefore, that increased in vivo oxidative modification of the SDHA subunit directly correlates with an age-associated functional deficiency in CII from pectoralis. Thus, identification of sites of amino acid modification should provide structural information relevant to the effects of the modification on function.
The increasing modification of the pectoralis Core 1 and Core 2 subunits in middle age is likely due to their proximity to the predicted site of ROS generation, i.e., the heme b L of the cytochrome b subunit [46] [47] [48] . The oxidative modification of Core 1 and Core 2 correlates directly with the loss of CIII function in pectoralis. However, even though Core 1 is heavily nitrated in the quadriceps, there is no change in CIII function with aging. We speculate that this may be a reflection of the alternative role for the mitochondrial respiratory chain under hypoxic conditions in which mitochondrially produced NO is involved in hypoxic signaling, possibly via a pathway that involves protein tyrosine nitrations [49] . Furthermore, the significantly greater tyrosine nitration of ATP5A and ATP5B which are part of CV may be part of the ATP synthase activity under hypoxic conditions and nitration of UQCRC1 of CIII may involve the transport processing activity of Core I. For example, it has been reported that cytochrome oxidase produces nitric oxide under hypoxic conditions, suggesting that mitochondrially produced NO is involved in hypoxic signaling, possibly through tyrosine nitration [49] . This raises the question of whether the hypoxic environment of the quadriceps favors the level of nitration we observe in these proteins.
The decreased enzyme activity during middle age in CIV also parallels the increased oxidative modification of COX2 in pectoralis. COX2 is the first subunit in the electron transfer pathway of CIV and contains a copper center (Cu A ) that mediates electron transfer between reduced cytochrome c and heme a in COX1 [49] . We propose that the loss of enzyme activity of modified COX2 may contribute to the increased mitochondrial dysfunction in the pectoralis muscle with aging. Interestingly, in the quadriceps, COX1, but not COX2, shows only a modest increase in modification and decline in CIV enzyme function with aging, further supporting the hypothesis that the modification of specific sites may affect the overall outcome of such damage. These results suggest that under hypoxic conditions these signaling processes in the quadriceps may represent an adaptation to the physiological change.
Although CV or F1F0-ATP synthase is not part of the ETC processes its location within the matrix, as well as its abundance, make it a prime candidate for oxidative modification. The increased oxidative modification of the pectoralis α and β chains directly correlates with the decline in enzyme function, which in turn may result in decreased ATP production, a hallmark of mitochondrial dysfunction with aging. Furthermore, oxidatively modified α chain was also found to comigrate with CI and CIV, suggesting that modification may facilitate its dissociation from the active complex and association with these complexes. Thus, its binding to CI may play a role in increased ROS production at CI and further ETC complex dysfunction. The α and β chains of the quadriceps are more strongly nitrated than in the pectoralis. Despite the dramatic modifications of both α and β chains, there appears to be no effect on CV function which suggests that these modifications may not be damaging. For example, our data show a strong nitration of ATP5B, and ATP5A1 in the quadriceps. Recent studies have shown that rat liver mitochondria produce nitric oxide Complex IV a Protein E value or expectation value assigned by the Mascot database is the number of matches with equal or better scores that are expected to occur by chance alone. In each MALDI-TOF-TOF run the significance threshold was set at a more stringent value of 1.0 × 10 -3 compared to the default value of 0.05. Thus, any number below the threshold was considered significant.
(NO) under hypoxic conditions. Thus, NO production is nitrite (NO 2 -) dependent, requires an electron donor, and is carried out by cytochrome c oxidase (COX1, 2) in a pH-dependent manner. These studies have suggested that mitochondrial generated NO and superoxide combine to form peroxynitrite which then tyrosine nitrates protein components of a hypoxic signaling pathway [49] . In addition, Koeck et al. [48] presented evidence that tyrosine nitration may serve as a signaling process under conditions of hypoxia in liver mitochondria. More specifically they showed that induction of hypoxia/anoxia followed by reoxygenation caused the reversible nitration of tyrosines in the same mitochondrial proteins. Our data report endogenous levels of nitration which are highest in the hypoxic quadriceps. Actually, these nitrations if reversible may be associated with signaling [50] . On the other hand, there is also evidence that tyrosine nitration (irreversible) may be a marker of oxidative protein modifications. Interestingly, since the modified α chain comigrates with CI apparently no functional consequences result from this association. However, if the nitrated protein is misfolded, this structural change may solicit an unfolded protein stress response which may affect overall respiration as well as ROS production from CI. Our studies suggest that many of the ETC complex subunits may be specific targets of ROS-mediated oxidative modifications. We propose that some of these modifications may lead to mitochondrial dysfunction and an increased state of oxidative stress in aged tissue. Alternatively, nitration, which does not affect the enzyme or coupled function, may be a signaling process. We have identified significant differences between the pectoralis, in which the decreased enzyme activities correlate with modification of complex proteins and loss of function. However, the oxidative modifications had very little effect on ETC function in quadriceps [51] . Although there are age-related increases in modification of essentially the same proteins in both muscles, the quadriceps may adapt to these modifications. We propose that this adaptation may involve nitrotyrosine signaling linked to hypoxia. Finally, our studies show that two different groups of skeletal muscles exhibit unique characteristics of aging which raise questions of the mechanisms of differential muscle aging in humans.
Numerous studies that have examined the effects of aging on enzyme function of ETC complexes in skeletal muscle mitochondria of both rodents and humans have reported conflicting results possibly due to use of various markers for normalization of mitochondrial content and/or failure to include enzyme activities as well as the CI-CIII and CII-III coupled activities [51] [52] [53] [54] [55] [56] [57] .
Nearly all oxidized proteins detected in these studies are partly or fully exposed to the mitochondrial matrix. The location of these oxidized subunits is consistent with the possibility that ROS generated by dysfunctional ETC complexes may react with the surrounding mitochondrial membranes, thereby causing increased levels of lipid peroxidation products that modify neighboring membrane-associated subunits of various complexes. Clearly, two very different age-associated profiles emerge from pectoralis and quadriceps where proteins are increasingly modified mainly at middle age in pectoralis and with the exception of nitration and SDHA carbonylation very little changes in levels of modification are noted in quadriceps. Thus, the differential targeting of specific ETC subunits in two different muscles may cause either unfavorable physiological effects to the enzyme activities or an alternative signaling mechanism which minimizes deleterious effects.
